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INVSSTIÜATIONS UF TUEKMAL AND ELECTRICAL 
FBUFSRHES OP SOLIDS AT VaHI LQM TSMFERAIIIRB, 

2, 

I. INXHDDUCTiüH 

Ih« reaaareh program carried out under Contraet N6orl ^7, T. 0. 3 

during thm  period April 1$, 19^ to Sopte^er 30, 195i* »»« included work 

on a.  rather wide range of topic» in edlid state and Lnw toaperatore pi^vica. 

Maq/ of the result« of these imrestigationa have a.li-eady been presented in 

the fore of technical reports and published articles. This report will, 

therefor«, include aerely the briefest statements of these results together 

with appropriate references. Qaphasis wul be placed rather on the present-* 

ation of results hitherto unpublished, most of «bieh have been obtained dur- 

ing the last two years. In several instances thee« results servo to indicate 

the status of work which is being continued beyond the date of tendnatiou 

of this contract o 

II. CALORIMBIKr 

The beat oapacities of several aetals and non metals have been deter*-- 

mined a« functions temperature in the liquid heUm range as well ar be 

tweer. liquid hydrogen temperatures and about 2O0?KD Vacuum calorimeters 

27   28 
described in Technical Reports 7 and 8 were used for --any of these msasur«' 

its. Recently a larger calorimeter designed along conventional lines has 

been constructed and employed in work between ** 105
0 and 220E1 TemparRture 

measurement from ~ IGPg upward» has been by means of a L and N platimat 

resistance thezaometer. In much of the heliun temperature work gezmanina ro 

sistance thermometers, developed in this laboratory"' , wer« used. Recently 

carbon ooaposition reaistanoes of the AllmrBradley type have been used ex 

tensively ever the range 1.5° to 23?H. 

The way in which solids take up thermal energy, as revealed by spec 

ific heat observatioDS, is indicative of many fundamental aspect« of their 
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structure > Such Teaturss as the density of electronic «nervy states at 

the Fend, surface or the presence of significant interaction aaong mg 

netic loos are typical of the types of inforaatioo gained in th« invest 

igations to be described. It is convenient to group the results aceord° 

ing to the kind of material studied and the temperatures at which th» 

measurements ware mad«. 

Ao Metals Belw 4.20K.3>^5*11>2e<,29 

C has been detemined as a function of teaperature between ~ l.,^ 

and U'2CK. for speciaens of Cr, Ti, Er, Kg, Cu (pore and irapure}, and the 

alloy Ni~ Ma in both the ordered (ferromagnetic) and disordered (para- 

magnetic) forms.. In each case it has been possible to represent CD{srC_) 

as fT -•■ ßTr, ±0e0  the 8« of an electronic and a lattice contribution. 

The coefficient y yields directly the doceity of electronic energy states 

at the Fenai level for a given metal i-hil© 0 provides a value of the Dobye 

characteristic temperature^ x),  of the latticeo 

The results for Cr, Ti, Er, Mg and iiapure Cu have already been re 

ported'^^be j values for T5. and 3a. were found to be IntezMdiate betueen 

those associated with non-transition metals such as Al and Kg and the 

large values typical of other transitfw» elements. This is in accord with 

current ideas of the shape of the d. band in transition metals. More 

striking, however, is the fact that for Cr a -\r value of only 308 x 10~* 

«ml/cieg- aol was observed. Ii other wosds the Ferad. level for Cr lies at a 

point where the density of stetes of the d-baiKl ia quite low. Existing 

calculations of d-toand shapes by Slater end others for l^ter meobers of 

the first transition sequence, e„go copper, do in fact predict a «^ninqy» 

in the density of states curve at the position near the middle corres- 

ponding to the Fermi level of Cr. The y value for Cr may, therefore, be 



Intcrp.ve-od in a aispl^ ay if tha shape o£ ti» d band In eopper OM^- 

ba prestaad to have the sama general teatavoB as that of the earlier 

seabe» of the first transition group,, 

The rs3ult.fi of oeasiurecant on lüyäi spectasns in the ordered and 

disordered states ax« plotted in Fig, 1 as Cp/t vs ür. Tbs y value for 

the disordered alloy (pareaagaetic) is 22 i+ x 10 "'* eal/aol deg . This 

is twice as large as the y for the ordered (ferräoagnetic) material n^ae 

ly llo? x lO ** eal/aol dsg . She impUeations of this result have beta 

discussed by Goldman « It is in bamony «itb tha ides that in the terror 

jaagnetie aaterial the half-ba^d of d^sleetrons >i'ih one spin is full or 

nearly full so that only d-electrons in the partly filled half-'band of 

opposite spin nay contribute to the specific bsatQ 

Earlier asasuraffients of C for copper perfonaed in this laboratoiy 

were done on a specimen containing 0v5 o/o lead impurity. The electronic 

heat was little affected by this additioa^ the obserrodY,, la6 x 1Ö~^ cal/dcg2 

31 
BOI, being in good agreement with that reported by Keesoa and Kok  for 

pure material. Ih» & value observed was, however^ scmewbat lower tban 

the value 335 given by Keesom and aulc, as might be caqsactod frcm the 

Icnowa s—13 value of & for the lead impurityo 

New aeasurscBsnts have bssn made on a copper specimen of rather high 

purity (99,9? o/o) which had been annealed at 40ÜCC for IS houreo A gsr^ 

mania» tbaraomster was used. The results are plotted as C /T vs "t   in 

Pig. 2 and as C- va T in Figo 3* The constants associated with the emooth 

curves drawn through the esperimental points are r a IcÖ x 10°^ «sai/dc^sr". 

and 3 m 343 . Ihe general agreement win-  the results of Keeson and Kok is 

rather good.  The small disorepan^r in the vaLuss of € appears to be cut 

sld» the limits of experimental error. A 0 of 3'<3 has also been reported 

i 

li 
I 



I 
tor  pore copper reoaaUor by Corak et ä1 

B, Metala Abcro IS0«.27*9*10 

Cp has bean measured for cliromiuB, titanitsa, zaeaaiu»* ami hafhioi 

betwsea ** IS^C and 200os:. lh« IndiTidaal •paeloans ara daaeribad in 

Sable Iv 

The result-« for titanitn are ahotm in Fig. 4< In Ttable II valuea 

cf C taken frca the anooth oarve dx&w throuish the «aperinantal points 

are giren» CorrespandlDg Cr values have also been tabulated. These «ere 

ealenlated by neans of the fomnlat CT " C { 1 -> 9   \   C T) " 
,        -^   v P V    KG-2**/ 

Cp (1^5.7 x 10 CpT } o Cv values corrected for the «iBctionic contrib- 

ution are also shran as well as the effective Oebye temperatures deduced 

therefrcau Those results are In exeellent agrecownt with those of Jofaor 

33 ston and Kothen  in the region in which they overlap» 

The data for zirconim are presented in Fig. $ and Xable III0 Values 

of CT, of CT KLXUIS the electronic peurt, and effective Debye d's are also 

tabulated. Agreeasnt between these results and those of Johnston and 

Sldnner^- for sirconiuaa is quite good. This speciaen and t-he titanioa 

speclaen described above are the sao« ones on which measureaents had been 

previously made below 4<>2<^0 * 

The hafnil» results are given in Fig. 6 and Table 17, the latter con- 

taining also Cy,corrected CT, and effective 3 values. The electronic con- 

tribution used to correct C? valuss to those representing the lattice heat 

alone has been waken, from preliainaxy aeasureoents of the eiect>'onio heat 

deteznined below ^.^K in this laboratoxyc The value of y{6 x 10 '^ o*4   p 
aol dag 

quoted hare is provisional. The final results of these measurements at 

llqulri helium temperature will be reported at a later date0 

In Fig. 7 the effective Debye toaperatores 9 for Ti, Sr, and Hf 
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TABLE I 

Heat Capacity Speciinans 

-MSTAL ATtWT, 

47.90 

SPECIMEN 
WT. PURITT 

>99 o/o 

PRINCrIltPiraTTTKS 

Ti. 27.W.6 ©n. 

&r 91.22 19.429 99.5 o/o He. 

Uf 178.6 46.420 98 o/o Sri-^Z o/o) 

Cr 52.01 16.111 99.9 o/o Al,Cu,Si 

■ 
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TABLE II 

HEAT CAPACOT OF TITANIUM 

'r(0K) cnf^. rael )       C'(«J 
2205 ,i^ 
25 4** 
30 „30^ 
35 .450 

O650 
^5 .879 
50 law 
?5 i0/a3 
60 1,674 
65 1«933 ?o 2.18? 
75 2Ji38 
GO 2.659 
85 2,872 
90 3,085 
95 3.-288 

100 3»476 
105 3o648 no 3o810 
115 3.959 
120 4.098 
125 4.229 
130 4.346 
135 4.456 
140 4.560 
145 4o650 
150 4»7^ 
155 4.313 
160 4.886 
165 4<,951 
170 5.031 
175 5.06S 
180 5.119 
185 5.166 
190 5.220 
195 5.273 
200 5.320 

\ - % & - 5.7 x lOT^c T) 
P 

^C)   -c - 8.29 x lO"4! 

=119 
,176 
o304 
o458 
«650 
<.a79 

1,142 

1,673 

2,135 

2,656 

3 0S0 

3.469 

3o8ca 

4.0S6 

4,54ifr 

4,864 

5,097 

5,191 

5.288 

„loo 
.155 
.279 
.429 
..617 
a8fc2 

laoa 

1,.6£3 

2JL27 

2.590 

3.005 

3.336 

3.71C 

tk 

4^423 

4.721 

4.948 

5.037 

5.122 

372 
360 
354 
356 
357 
357 
355 

355 

357 

353 

359 

353 

356 

355 

352 

353 

354 

355 

353 



T/SUf, III 

HEAT GAPACITZ UF ZIRCUNIUH 

n0&) )äS) 
.tt 

xati; 
ÖD(

0K) 

23 
25 
30 
35 
A0 
« 
50 
55 
60 
65 
70 
75 
60 
85 
90 
95 

100 
105 
HO 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
ISO 
185 
190 
195 
200 

0o2Jiia. 
0.4836 
0„7888 
1„136 
1.502 
1=850 
2.1Ö3 
2o512 
2.822 
3.103 
3.371 
3.610 
3.831 
4.028 
4,202 
4.352 
4-498 
4.610 
4.709 
4.808 
4.892 
4.972 

038 
103 
174 
240 
305 
376 

5.446 
5.517 
5.573 

,625 
667 
695 
714 
737 
751 

5. 
5c 
5 = 
5. 
5c 
5, 

0.2441 
0.4636 
0.7668 
1.136 
1.502 
1.850 
2.182 
2.511 
2.821 
3.102 
3.370 

3.829 

4.199 

4.494 

4.704 

4o8S7 

5.167 

5.437 

5.656 

5.738 

0.2303 
0^63 
0.7660 
1.112 
1.474 
1.619 
2.147 
2.473 
2c7?9 
3.057 
3.322 

3.773 

4.137 

4o425 

4.623 

4.604 

5.070 

5.336 

5.532 

5c600 

252 
247 
247 
247 
248 
251 
254 
255 
255 
256 
255 

254 

253 

252 

254 

255 

256 

242 

220 

223 

CT " c„ (1 - 1.88 x lO^C T] 

**, 

tt. 
C^ - 6.92 x lO"^ 

■ 
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T(Ol0 

10 
15 
20 
25 
30 
35 
AO 
k5 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
U.0 
115 
120 
125 
130 
135 
UtO 
1U5 
150 
155 
160 
165 
170 
175 
180 
105 
190 
195 
200 

«y 
0.0423 
0.1654 
0.4040 
0.7733 
1.235 
1.703 
2.1Ä5 
2.620 
3=012 

m 
3.940 
4.174 
403Ö2 
4o582 
4.767 
4.932 
5.075 
5.186 
5.267 
5.344 
5.413 
5.467 
5.510 
5.548 
5.583 
5.617 
5.637 
5.667 
5.694 
5.717 
5,740 
5.767 
5.787 
5.817 
5.844 
5.860 
5.883 
5.906 

IABLE IF 

HEAT CAWlCITr OF HAFMHai 

'   Msy* ^ (er 
latt 

*A> 

Ooöi^s 
0.1654 
0.40U> 
0.7733 
1.235 

0.0363 
0.1564 
0.3920 
0.7583 
1.217 

234 
215 
210 
206 
204 

2.183 2.159 202 

3.007 2.97? 201 

3.673 3.637 197 
4.161 4,119 198 
4.564 4.516 194 
4.908 4.854 186 

5.157 5.097 180 

5.310 

5.569 

5.660 

5.751 

5.830 

5,356 

5.485 

5.564 

5.643 

5.710 

177 

181 

188 

188 

184 

*V " Cptt - 1,08 z. lxr5CpTj 

**C^      - C_ - 6.0 x lO-^T 
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have bean plotted as iunctiona of temperature, Die decrease of OQ idtb 

inoreasing atoaic weight in this sequence of Group IV« metals is as eac 

pocted on the basis of specific heat theory^ Kote that 6^ is defined 

such that ^ &. «■ ^ ^    where  V   is the maxLraum allowed frequemnr u max       max 

of atomic vibration in the solid.  We may write the equation of motion 
00 

of an atom vibrating about its equilibrium lattice sit. asMX * K X - 0 

where X is the displaceoaent, K the force constant, and H the atomic oass* 

The frequency of atomic oscillation is simply V "   cL y li« w« may rea- 

sonably expect, therefore, that @a will .»Iso be praportional to j\.  -. 

For members of a group of elements having such similar properties (indud^ 

ing elastic constants) as do those of Group IVa the product €U ä •  or 

1/2 
®j}A  , wtiere A is the atomic weight, may be expected to have nearly the 

same value.  That this is so is seen in Xable V. 

«b k V 
Tl 355 47.5 2460 

ar 250 91« 2 2390 

Hf 190 17ao6 2530 

The GJJ values used here are those observed in the range whern this para- 

meter is relatively temperature^independento 
o 

As has been briefly noted in an earlier report^ the present ueasure 

ments on hafnium fail to confirm the existence of an Anomalous peak in C 

at 60oK described by Griatee -and Simon'5,,  This result may well reflect 

significant differences in purity between this specluan used in this work 

and that used in the earlier measurements <. Hafnium of even 98 o/o purity 

has only been recently made available o Not only is the speolflc heat of 

reasonably pure hafnium found to be regular bat, as we have seem, it is 
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quite consistent with those of titanlun and zirconitsn. This is very 

encouraging fvoai the point of view of the theoxy of lattice specific 

beats in teros of which anomalous behavior is completely inexplicable * 

The experimental findings for chromium are given in Fig. 8 and 

Table VI. These results overlap those of Anderson obcained in the range 

56 to 300 Kc The agreement between the two sets of measurements is quite 

aatisfactoryc Particular emphasis has been placed in the present work on 

the temperature range in the vicinity of 12d~Ko It is in this region that 
.I6rt 

Fine et al have observed an anomaly in Young's Modulus for ohromiumo As 

■»JO 
was mentioned in an earlier report^ no specific heat anomaly has been de- 

tected in the region of interest at least to the limit of resolution of 

the measurementso An anomalous peak in C having a width of no more than 

about 5 could probably be observed. 

Effective values of €,. for ohromium are plctt«d against temperature 

in the upper part of Fig. ?• A aaacUw value, ©^ =• 515, is reached at about 

30oK„ Below this temperature, dp decreases continuously with temperature 

reaching a value of /«87 at SO^K. In the region below i^K earlier measure» 

ments gave a 6^ of 418. This appears to be quite consistent with the trend 

observed above 20°. 

G. Hon-MetalSc 

(1) Germanium7''27*6»^8 

The specific heat of the semieonduetor germanium was measured for 

several specimens of very different purity . Meaeureuients between 20® 

and 20CrK, described in detail in Technical Report No ?, Indicate only 

a very slight dependence of Gp ou impurity ccnton^ , Tney  do not reveal 

any ancaalous features such as the peak between 1*0 and ll»0oK reported in 

1934 by Cristeecu and Slmaa^(. Measurements to below fc^K, described in 
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K^) 

20 
25 
30 
35 
W> 
45 
50 
55 
60 
65 
"0 
75 
80 
85 
90 
95 
100 
105 
110 
315 
120 
125 
130 
135 
uo 
145 
150 
155 
160 
165 
170 
175 
280 
185 
190 
195 
200 

TABLE VI 

il£AT CAPACITY OF CKBUMIUK 

p C^aoi| H^" "JOS 
3Ätt 

0o0387 0.0387 0^031*2 
0.,06.'t5'. 0,061(6 0,0552 
0^1033 0,1033 0,0921 
Ool5Ö2 Ool582 0o1451 
0.2453 Oc.2453 0,2303 
C«3519 0.3519 0,3351 
Oo/tS?? 0oWJ75 0,4683 
Oa66lB 0:6618 o,6za2 
Oe0555 0,8555 0,8331 
1*049 1,049 1,025 
1.256 1,256 1,230 
l.i^S 1.461 1.433 
1^679 1,678 1,6&8 
1.901 1,900 
2.108 2,10? 2,073 
2.311 2,309 
2.515 2,513 2,476 
2,700 
2.367 2.864 2,823 
3,031 
3.186 3,182 3,137 
3.335 
3.474 3,fc69 
3.612 
3.738 3,732 3,680 
3.848 
3,961 
4,068 
4,168 4.159 4,099 
4,261 
4.355 
4.4it2 - 
4.516 4,504 4,437 
4.587 
4.649 
4.694 
4.723 4,708 h.-&'n 

\tSi 
»(0K) 

487 
509 
515 
515 
505 
500 
4*53 
484 
478 
4?6 
473 
472 
470 

466 

462 

462 

461 

458 

456 

451 

46.1 

\ - Cfl > 3023 x 10^, 

*G. \       - C- - 3,74 x «rS 
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Tsebnieal Report #28,sugge8t that in vexy iai-rjr» degenerate geznaninB 

•paeiMenc an electronic oontributlon to the epeclfle beat may be observe 

able» 

(3) Nomal Spinels 

Fenrltea have the genexial moleeular formula (ä    )(Fe      )<AtP «here 
4.4. ♦♦     4-4-     +4- 

M  say be Mn , Fe ., Zn f etc. Thay cr^BtalUze in the spinel structure 

in which the metallic ions may occupy lattice sites of two noe^equlvalent 

types, the tetrabedral (A) and octahedral (B) sites storronnded by four 

and six oaygen atoms respectively. Neel has successfully described the 

aagnetio properties of many ferrites by afisunzing the exchange interaction of 

ions on A-sites with ions on Breites (AHB interactions) to be antiferro=- 

nagnetle and much stronger than A-A or B--B interactions. The latter are 

also assuiced generally to be antif erroiaagnetic although little direct 

evidence has been available until recently to indicate their actual nature,, 

Zinc and eadaiua ferrites are the only ones possessing the so-called 

"noxaal" spinel structure in which all 19-sites are occupied by Fe ion» 

and all A sites by divalent ions. Sinoo Zn*"*- and Cd** are diamagnetie 

the only magnetic interaction present in either änPegO^ or CdFeugO. should 

be of the weak B-B type« Consequently Iw.g-range ordering of Fe*** spins 

is to be expected only at low temperatures o 

Corliss and Hastings^ have carried out neutron diffraction studies 

of anFe^O. over a wide temperature range 0 They find evidence of short-- 

range spin ordering at bydrogen temperature and the actual appearance of 

a complicated long- range order among F©*+*" spin at helium temperatures. In 

order to study the themal character of this transition and actually to 

fix the transition temperature more closely we have measured the specific 

heat of ZnFe20^ over the range 1.3 to 200%, 
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The tpecimaa,  IdLndly provided by Or. V. C. Wilsoa of th« Gaaeral 

Elecfcric Gompaoj, bad bean prepared by «intering the mixed artrtwt (with 

•light «BDDees of SBO) at ISOCPSor four hours. Twenty four grams of the 

crushed material «ere used. Copper capsules bsld the speeiaeo during the 

measureoeats, one equipped with a platdmm resi stance themawter tc» cover 

the range 10 to 200oK} another «1th s carbon resistance thesnoneter for 

use between lo3 and 20°^. Heat capacities of the filled capsules (Inolud- 

log He socchange gas) were determined by the vaeucsi calorimeter Method In 

these ranges« in a separate series of measurements, the capsule correct^ 

ions «ex« detezadned in the same intervals. The capsule teefaoiqas was used 

at helliai tenperaturea in spite of its difficulties only after pmliainary 

experinants with a one-piece spesimao shotfad the theraal relaxation ti'o 

of the sintered material to be too long for calorlnetrlc purposes« 

Calibration of the carbon thexaooieter, part: cularly between 4*2 (.wA. 

XCPK,  presents a special probleoo The method used folloaa that of GLmneat o 

Nnaerous calibration points were obtained at helium and hydrogen tanpsratureifc 

An equation of the form ->j Ififi-S - a * b log B (idiare R is resistsnoe« T is 

temperature, a and b are constants) was fitted approximately to these points 

by firing b at sons appropriate valaea Systematic dsvlatloa from this 

relation was found when a was plotted vs log Ba Interpolation In the 402
0 

to -^IßPE. Interval was done on this plot by drawing the best curve con- 

sistent with the deviation« In practlte, tenparaturee were obtained from 

observed resistance by sunning terns calculated from the foznula and cor- 

rectlona read from the deviation plot,, 

The general nature of the results is indicated in Fig. 9 where re- 

presentative Cp valnss are plotted against T betwenn 1.2 and ZO&>Kc    An 

peak havli« its maximal at about 9°! is evident. The peak la 

■ 

— ■•- 
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ahown In detail in Fig. 10, A trausltian tampsratur«, !„„ of 9% agree* 

well with the neutron diffraetion results as does the «acistenee of the 

prcminent "tail" above T^ indieatiog significant short range spin order 

up to 250K and pxobably beyoad,. 

Ibere is little doubt that the observed anomaly 1* actually assoei^ 

ated with a magnetic transition of a cooperative typ*o It is, however^ 

unusual in several respects o Bepeated measurements in the transition 

region with increased resolution (smaller A Trs} failed to show C- assuer" 

lag the exceptionally large v&lues found in a typical A-aft« pad anooalyo 

dC 
No conclusive evidence was found for a discontinuity in _ P auch less for i? 
any sort of diseontioalty in C Itself. Such discontinuities would eharact^ 

arise ideal transitions of the third and second order respectively« It 

seeas unlikely that syettaatic experinental erzors, in particular any in- 

adequacy of the interpolated the*mbR0ter calibration used in this regloa^ 

could nask any of these features if they were actually present,, laasdiate 

assigOH*»*« of this »nnasly to a sij^ls category dros not, thsrefore, appear 

feasihlSo 

A speeifie beat —adw vithoat a discontinuity in ,Vf is to be eaqpected 
dT 

for an anonaly of the Schottky tupe. Such an anomaly is not associated with 

a cooperative transition but is rather characteristic of a system possessing 

two or more energy states whose spacing is of the order rt T and is inde- 

peedsnt of their relative occupation, '-^hat the anomaly in SnFegOr is not 

of the Schottky type in spite of its superficial rssamhlance to such a peak 

follows, of course, fron the esdstenee of long range spin order below 90E0 

It ia also intexesting to note that tho temperature dependence of C- below 

the is quite incoapatible with that «aopected of a Schottky 

■ 
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In the regiar: Svaas. 4« 2 8 dcnm bo 1.2 'JC, vbsrj the thaiauEwter eallbratloa 

la Boat reliable, C_ is found to vary quite elosaly as "r' . An exponant- 

ial decrease yoxiM probabler be evident at these teoperatores «ere the anr> 

a»aly of the Schottky %s^»0 

It is quite possible that the observed specific heat anomaly is round- 

ed and bzoadtmed as cooipared with t^ios« found in typical cooperative tru»- 

sitioos because the specissn Idas not of uniform composition. subtly 

different transition temperatures in different parts of the specisen 

sight account for this behavior and could result from local variations 

in the nonber and position of neighboring magnetic ioos« Partial invezsioa 

and dsviations from ideal stoichiometry vwuld contribute to such a picture» 

It is likely that the detailed shape of the snomaly in SoFsjO. depeäkdc to 

sooe extent on the exact ecniposition and snde of preparation of a given 

specinen« For this reason it is hoped that it will be poesijla in the 

near future to carry out measurements of specific heat for other saaples 

of SnFe20. prepared in different ways. On the other hand« it seams quite 

unlikely that such materials could have transition temperature» tsuch dif^ 

ferent from that obtained by noting the position of the Mad— in the 

anomaly reported here, i.e. 'l'N ^ 9 Ko The quantity fe t^ detemined from 

those results is thought, therefore, to provide a direct measure of the 

strength of the B-B interaction in änFe^^o 

A satisfactory separation of lattice and magoetic oontributions to 

the observed specific heat has not proved possible in this case. If the 

short range order tail of the an—ly is assumed to be negligible at tamper» 

atures above about $0 K then one might attempt to extrapolate the l&ttiee 

eontributlon back from the C eurve measured above this toqierature. At 

best this is a crude process . However, if it Is carried out and a 

i 
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netic coatributioa obtained by subtraction, we may estimate the magnetic 

entropy gained in going froia the ordered t. itiferromagnetic state at O^K 

to the completely disordered paraoagnetic state at very high temperatures ^ 

This estimate turns out to be considerably lov»r than the theoretical value 

2R In (2S ♦ 1) - 21 la6 expected for 2 i-'o*** ions (in  S/g states) per 

mole of «aFe-O, „ If, as the neutron diffraction results indicate, short 

range order is significant even at ISQ^K the magnetic ar-aaaJy has a much 

larger tail than would be inferred Trom inspection of the C airve. This 

would probably account for much of the entropy missing in the simple estiE- 

ate* 

As was mentioned above, C is found to approach sere approxiraatelLy as 

„.3/2       o 
T   bclctM' 2to2 K, Such a temperature dependence is «aq;eeted on the basis 

of spin wave theoxy for the specific heats of ferro or ferriiaagnets cooled 

well below their Curie points. For id-sal antiferromagnets^ on the other 

band, the spin wave specific hsat should vazy as 7 at temperatures well 

c 
below the Meel point. Ordinarily the spin wave approximation is considered 

valid only at temperatures below about one "tenth that of the cooperative 

39 
transitions. Recent work by £isele and Keffer  suggests, however, that 

in antlferromagnets, at least, the thermal properties typical of spin waves 

may persist to higher temperatures. The possibility exists, therefor», that 

in an F®2®4. below 402 K. a spin wave contribution to the specifie heat is 

actually being observed. If this is so then ths fact that the specifie 

heat varies nearly as Ir'  rather than aa T must be expüLainsd since the 

material is presumed to be antiferromagnetie. It is conceivable that 

partial inversion of the spinel structure sufficient to broade.i the trans- 

ition as suggested above could also account for this ferromagnetic mani - 

festation. 
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Guided by the results obtained for 2n VoJi,   it was daoided to measure 

the specific heat of the analogous uoxnal spinel« 2n Cr-O,., over the sane 

temperature range. In this material all B sites arc presumabljr occupied 

bjr Cr   ions each with a spin of 3/3c Again weak B~B interaction ia the 

only one present and is expected to effect long range spin ordering at some 

lov teopsratureo 

The specinen, obtained from the Maval Ordnance Laboratory through the 

kindness of Doctor» J. S. Smart and F. Meijuirar was in the fom of a fine 

powder. Measurements were carried out on fourteen grams of the material ia 

the same manner described earlier. Ihe «xper&nental values of C are plotted 

o 
against temperature in Fig. 11. A sharp peak having its ■aad— at XLo& K 

is strikingly evident. A detailed plot of this region ia given in Figo 12. 

We may identify 1108 K as the Neal point, T ,  of 2a CrjO^ since subsequent 

neutron diffraction studies actually show that the long range spin order 

existing below this teaperature is antifemkoagnetie in nature« 

Die ancnaly in this case has the appearance eomraotily associated with 

a cooperative transition. Ttm largest measured value of C is nearly lh 

cal/mole0. Above 11.80K, Cp falls rapidly but continuously. A lai«e short- 

range order tail makes the loagnetie contribution a major pcrtion of the 

total specific heat up to temperatures as high ae 35 K and possibly above. 

Below U.CT^ C falls rapidly with decreasing teaperature as shown. Pre-*» 

liminazy meaau^ ements down to 2„0oK (not indicated in Fig. 12} suggest that, 

in fact, C- is proportional to Tr  bolow about 90li.. If this result is borne 

out by more extensive msasuraments in this region now in progress an inter' 

pretatioa in tents of spin waves appears c.uite possible. As mentioned above, 

the spin wave contribution to the apscifie heat of an antifenramagnet should 

vary ee * . . 
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An atteapt has been made to separate lattice and magnetic contrib- 

utions to the specific heat of an Cr^gOj^ in order that the magnetic en- 

tropgr increase might be estimated for the transition. We may begin tay 

assuming that for temperatures above 11,8 L   2'n CrJO.  is paramagnetic 

with axchange coupling between Ct'**  ions. Van Vlcok^ has shown that 

for b. T » u H^, t^bere U^ is the molecular field by Mhicb the coupling 

may be represented, the specific heat may be written   na , ^- If in 

3     ^ this region the lattice specific heat varies as T-' than we may write for 

the observed total C - -fe ♦ AT3. A plot of CT2 vs T5 should give a 

straight line of slope A and intercept b. fuch a plot for Za Cr^O^ is 

shorn in Fig. 13. From it ve see that between 12o6c and 250K the total 

specific heat is well represented by C ( «s—.] - ^§^ ♦ 7o3 x XCT^TPO 

Above 25 1 the observed values fall below such a curve. This is reason- 

able since here the lattice contribution is rising more slowly than as 

T-% If one assuztes that the second tern in the above expression is valid 

down to OK then, by subtraction, values for the magnetic contribution may 

be obtained over the whole range from 0^ to 25 K. Above 250K C (mag) will 
00 p 

be Just ^3 „ The  Integral Ä.S " j CpC10»«) dT may a«  evaluated by com- 

bined graphical and analytical methods. The result is ^S M 2.5 o^,» 
mol 

Ihis preeumably is the entropy gained in going from the completely order- 

ed antlferroma^netlc state to the completely disordered paramagnetic state. 

we should expect: AS - 2R ln(2S ♦ 1) - 2R Ini» or 5o6 f^ , where the 
mol' 

♦♦♦ 
factor  2 results from two Cr   ions being contained In one mole of 

an Cr20. o 

The reason for the discrepancy in entropy values deduced from the 

observations and predicted theoretically is not obvious. The assumptions 

underlying the analysis of the data outlined above appear reasonable 
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enougb so that at least acao of übe discrtspaa^ may be considered real. 

Several conceivable situations could aeoount for it.    For example, the 
o 

spin arrangement assumed Just below UoS K msj- not be unique, a second 

transition at some still lower temperature being needed to produce com- 

plete older. Detailed analysis of the neutron diffraction results should 

enable one to confixsu or reject such a plcturso 

It is interesting to note that the large tail on the observed spec- 

ific heat anomaly makes it asaymetric in the sense that the entropy gained 

above TM is actually somewhat larger than that gained belov T„ as the toa.p= 

erature is raised from 0 &. Recently, Dorab^" has shova that similar behavior 

is to be expected for Islng models in which a given ionic moment interacts 

strongly with only a small number of neighbors- Ibis is reasonable, of 

course, since for very large values of this number all order must be long 

range in nature. Un the other hand, a very small number of Interactions 

would give rise primarily to short range order and so to a large tail on 

the anomalous peak« Whi?* considerations such as these can provide little 

quantitative information about the number of interacting neighbors in 2n 

Cr^O,, the qualitative notion that this number is amall appears reasonable. 

Detailed analysis of the neutron diffraction results should clarify this point. 

111. Seaiconduetor» 

A, Earlier work (19A6 to j^i)12»1^»11»*1*»21» 

The original objective of the program of semiecnductor research in this 

laboratozy was extension to very low temperatures of raeasuraments of elec- 

trical resistance and galvanomagnetic effects in gexmanium and silicono This 

work was undertaken ae part of a cooperative effort to understand the pro- 

pcrties of these substances at a time when few «ncperimMate bad bean carried 

to liquid nitrogen temperatures (77 K) and practically none to temperatures 

I 
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below 77 K„ 

All of the «arl^ work was of nocesslty carried out with poly- 

ezTstaUine spedBiens. Bie electrical resistances, ^ , and Hall ooo- 

slants, R, of a series of such speeimeos containing added donor or ac- 

ceptor impurities in widely varying amoants were detemined between 

300° and tV A third derived quantity, the Kail «obility, hjm   §» 

was calculated from these results for most of the specimens o 

These materials exhibited properties placing them in several rather 

distinst groups. The most impurs specinens (1 to 17 At. o/o iapurlty) 

behaved essentially as poor mstalc. The purest materials ( /^l part in 

lO'  Impurity) showed propertiea fitting qualitatively the theoretical 

1 picture of an impurity semiconductor in which the carrier concentration 

is always low enough to permit the use of HaxweH-Boltsoma statistiesn 

Specimens of intermediate purity also behaved as impurity semioooductors 

but 5n many ins Lances the transition to degenerate carrier characteristics 

became apparent within the temperature interval covered. The temperature 

variation of mobility for the purer materials could generally be inter- 

preted in terms of the combined effects of lattice and ionized impurity 

scattering, the foamier predominating at high tsapcratures, tLs latter be- 

coming important at low temperatures. 

Full descriptions of this work have been given in Technical Reports 

Nos. 1, 2, 3, and k  (sea H&fs.2,i ifcd2/v for defiled titles>= Generally 

speaking the observations were qualitatively described by a simple model 

in which carriers were supplied by either donor or acceptor impurities 

and in which the transition from MaxweU-boltsnan to Fezai-Dirac otat 

latics was only crudely treated. Several of the results, anomalous en 

this picture, are probably attributable to the presence in these early 
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speciaens of appreciable concentrations of ainorit/ impurities. TJiis 

fact introduces an indeterminacy i.iiich makes analysis of these cxperi 

menta, beyond that contained in the cited reports, ■i|r»fl*"<*'.•• o 

Follovdng the work Just cutlined an extensive investigation of the 

magnetoresistance effects in po.lycrystallir.e gertnanium was mad« betwosn 

15 25 IST and 300 K * lbs details are given in Technical Report Ifo. 5    , The 

electrical resistance was measured as a function of applied magnetic field 

strength and the relative orientation of electric and magnetic fields. The 

results were compared with the phenomenological theoxy of Seits  and 

several serious discrepancies noted. It is now recognised that th^se stem 

fresi the fact that the energy bond structure o'.  gexmanium Is ouch more 

complicated than that assumed in the theory. 

The large changes of electrical reslstan&s with  temperature found at 

low temperatures for rather pure germaniua were exploited for tbeimaoetiie 

purposes in work which, has bsen described in Technical Report No. 3 0 

Resistance theraometers of high sensitlvxiyr in the liquid helium region 

were obtained from indium-doped germanium ingots bj a systematic sampling 

techniquec  Ihey were used extensivaly in calorimetzy below 4„2 K„ 

The work described thus far WBS carried out in the period frota x9Ui> 

to 1951« In 1953 it was decided to reouit» these investigations for sover^ 

ai reasonss (l) Sin^e crys'-Ät g-jrmanixim of well-defined impurity contont 

had become; available? (2) The theoratical picture of the band structure 

of germanium was in the process oi elarificatioa| (3) The temperature 

raage available for experimental purposos had been extended to voll balow 
o 
1 So 

The work which will now be discussed was in progress at the close of 

the period covered by this report (Septeciber 1954).  Those phasea of it 

1 
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wiiich were completed at tiiat t^Jiie will be outlined.    Ths progrsa hue 

been continued under the auspices of both the OiTice of Naval fiesea.?eh 

and the National Science Foundation.    A eoparste «sport will be Issued 

soon eoctdiaing det^ailed disinzsoions of the expex*iment&X methods as well 

as tee results and their interpx'etatione 

B. Work since 1953 

Ihe present program consist« essentially of a eurvegr of the taiaper^ 

atu^e depeaderce of the resistivitsr of germanluia t^roai 0.2 K to roar, tent- 
o 

perature and of the Hall constant from 10J K to  .rooai temperature. Parti«" 

ular attention has been given &he dependence of those properties on jcag» 

netic and electric fieldso Both »ingle crystal and polyerystallin® ger^ 

I nanion apecSjmens covering a wide range cf impurity concentrations are 

being usod» Heasurenicnt of thesa »lectriÄal propsrties provicäos material 

for a critical examination of several featoree of the conventional model 

of an impurity seniconductorr 

lo Experimental Kquiptaent and Meihcda 

o 
For temperatures above lc3 K the aamples were placed directly in baths 

of liquid helium, hydrogen,, nitrogsn, or- methane, «sing doviar nrrangeisent« 

öf the typ* shown in previous reports. Accurate tsapemture detenainaliou 

is then pQ;.sibl(; by measujreae«t. of the bath v;-por pressure.  TeaperaSiures 
o 

below 1,3 K were obtained by adiabatic dsaagnetj^ation of paraKUfineti« 

salts, tenpsratures being iaeasursd by a carbon resietance tJiercaicaüatero 

after testing Allan-*B.Ta<ilsy radio resiator-s and films fabricated fro& 

colloidal graphite sus*pensions, it was found ttet 1000 Q !?£ radio resist- 

or» have satisfactory resistance ah,.4ractcii&tic8 in the region Od0 to I»., 20Kc, 

Calibratior. of such a themomcter vaa  carried out by comparxsoa with magnetic 

susceptibility aeasureraents on the paramagretic salt, as well as by a thenaD"- 
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23 
d^nanic aefchod Scsafi of the details of the demagnetization apparatus 

are shown in Figs, lit- and 15o 
■ 

The circuit Tor electrical measursmente on the aamploa (Fig. 16} is 

siallar to that described previ>us.lgr<.    The extremely high resistance of 

i the purer samples necessitated a few changes, including the use of stand- 

ax-e resistances in values up to 10 xocgohoiSc 

Magnetic fields up to 550Ü gauss* uere fuiniBhad by an iron core eiactro 

atagnet airanged to rotate about a vertical axis for magnetoresistance K-aavu^v 

asntSo    Fields for the magnetic cooling procedure ware provided by th.«   sann 

magnet, which was mounted on -^ails for quick removal after deoa^ietisationso 

In Table WJjfcha characteristics of the specimens employed in this work 
■ 

are summarised c 

■the pclyerystalline speciousns ware 3kFAt 12Sg and 3S>P« originally fron 

Purdue Uoiverjityj 83E, origin uoknown^ &3^ obtsda&A from. Dr, Shockley of 

the Bell Telephone Laboratories^ and AZ   frcn a melt prepared at this labor- 

atory o    Tue single crystals were obtained fraoi Dr» Bt, Sawyer of the Bell 

Telephone Laboratories., 
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a^BLE VII 

OATk FOR GBEHANIUK SAMPLES 

SAKFLB SIKUCTUISB TYPE IMPURI5T HFSIS'HVITJf 
AT SO^K 

IMPÜRITI 
CüNCEWTRATIO 

(  /«3> 

12S Poljr a P (?) .023 1,2 x 10^ 
Q3& CzystaUina P (Unknovaa) 0<»3 801 x lO16 

35P n P „006 at 6o/o Al      .038 3.? x lO^6 

34FA B a .0^ at *c/o Sb        s03^ 1.1 x 10" 
iU2 » P „OCa at oo/a in     O078 205 at lO16 

S2 H a (ÜBloaown) 0.33 fce7 x lO15 

Bi2 Single P Qa loia 106 x lO15 

B22 Crystal a Sb 1.58 202 x 1015 

B32 n n A3 nQOhb 1.7 x XCp* 

BU2 n a „ 28 6,2 x lO1? 

ulf^erenca betwesn majority and sonority earrLor conccantratioos^ as eal" 

coJlated from, roos tetaperature Hall Gonstant. 

1    I 
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2. Regiafcivity 

Although aeaauraaaat» en several o*' the i^lj-eryataliiiK,- saiaples have 

23,24 
baea reported previously, orly new datja Mill bs considered in this cJiseuse- 

ioao Ejrtenaioa of i«sistance iEsacus^aeit-a to low tee^Mratures nesessitetes 

an investigation of tha correat density as a £«n<-.fcioii oi' applied oleetrie 

i'ield;; since it has befsa shoanr"* that the resistance of germaniura in the 

hsiiuffl range is a function of the eleetzie fields This dapsndsacs is being 

studied in detail at the present tlee. lii is found that above a critical 

electric field a sample undergoes "braekdown", in which tha current density 

increases several orders of magnitude .for »jutall increases in electric field» 

£.■3 f.h 
Shis has been interpreted ■-'»•*'* as an avalanche effect due to impact iooiaatlon 

of lapurity afcciaia by current carriers. Taa  carrier iaultiplication process 

has been followad directly by means of Hall effect detezsiinaticHis «hlch will 

üot be described here. Current density s.n  a function of elsctrie .field la 

shown for two samples ia Figs, i? ani 18 to aJlustrat-e the effects of tsxsp&T^- 

ature and transverse cs/^iPtic rioir.s ten the critical eleetrie field. Sispl© 

considerations based en  the ballistics of charged pcrticies in crossed  «lee*9 

trie and ma^notic fields pezmit the estimation of carrier se-an free patiis 

and tiaes fr<Hn such datcio 

JSagnetoresistance raeasuremesnte have besn aarri«;d oat only for sing3.e 

crystal specimens for sthich the effects are quite Icirge. At it. K, for «xaar' 

plea the reaiatanee of a pure specijaen may increase by several hundred per- 

cent ia a field of 5C03 gausu. These observations have bec?i made for various 

orientations of current and uagnetic £iel0> with respect to the crystalline 

axes and one another.. The results together uitb tiicir interpretation in the 

light of theory which CrUcea ;aito account the complex energy band structure 

of gemaniiot w?JO. be presented in the aforementioned report aa will the rseuTtlis 

' 
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Figurea 19s 20, and 21 sbow th© :?esiafciTritie.? or the specimena de- 

scribed in Table. I as functions oX tecapsratvjr».    In all cases, the applied 

electric fields have been weil be3,ow fehe critical bsreakdown v&lueao 

3o Hall Gwigtant 
23.24 

As in previously' rei)OT*ed. meaaureasenfes tih«; Kali constant depends on 

th© siagnetic field strength, generally decreasing; as the field increases. 

In the present investigation data were taken ag fiKictions of field, so that. 

by extrapolation a value of Hall constant eoald Se ob-fesinod for zero fields 

Sush i,ero field values ere given in Figures 29 and 23»    Cuts for the magnetic 

field dependencs will be reserved for presentatifiß ssriüh ffi&gnetoraslBtance v<&- 

suits.    The esxtremely liigh renistance of the pvaezv samp3.e3 at helium tpsnpe^" 

atureSg together with the necessity for keeping the electric fields ssnallj, 

results in vexy amall currents, ~1(?     aapts^ and cojrrtsspejidijigay sisall Ha31. 

voltageso Difficulties aasoci.ited with the meaauremeat of such soail volt^ 

ages accounts for the scarcity of datü belo*»' lO0^.. 

4. Hall Mobility 

The Kail mobility is defined by 

A"*/    — — / >/ 

vrhare r is a constant character latic of the raslatjlve scattering processes 

aad the degree of degeneracy of the particular eanipx© and^ is the actual w 

drift mobility, A plot of><,. aa a funeticn o;;* taapers^ure is shown in Fig*24«: 

5= Discussion 

All cf the c^splsa dlsCd&asd hsjfv eacliibiv. ispirifcy eoaduction priaar- 

iiy, «ith the exception of Bi^.. Mhich ehowB intrinsio conduction above 280OK« 

IM therefore wiah to interpret fciie results in tens of charge canicra ori«- 
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inating fixnn impurV.y atoaa and their a';scciatsd energy levels.    We shall 

formulate the di^cuoaion in teiais of donor isipwltiie, which provide execssj 

elscororiss  BJailar ax^gufients held for aiccptor J-upuritie-a.  the sources of 

deficit GlectrQiä, or holesa 

A dosor topurity atca with five electrons in uruillsd shells will re- 

place a gsmaniuiE atoa öubstitutimally and satisfy the covalent boiKi struct- 

urs with four of its ele ^r.rons,    12ie fxtth e3.eeteron is bound to the impurity 

ion in a hytfcpogen-like state with eiesrgy    -^ «O^eV below the bottosi of the 

conduction banci,     £lectro:']S .in those levels are aaaily oxcited therusally into 

the conduction b&nd and ?..:coJint for tho conductivity at, rcoca tamperatura 

and belotr«    As the betoperature is decreased, these electrons will drop back 

into the bound states and iihe raaij-tiv^iy incrisases sharply.    At the lowest 

tesipsratures, hcTiKtv^v^ tiiia modoi give:? a rosistanco which incraasea without 

liiait, sine« at 0 K electrons MXD. exi.at only in the full valence band of 

the germaniuiE matria: and in bound inpurity states«     Ifliix» prediction is in 

conflict uitb the experls^ontal results of this rssearchp wliich generallj 

sho») a levelling off of the reaistivä.t^- as the tempemture is lowered through 

the heliiBS region..    These data may be easily explained on the basis of eor.^- 

ductioa in a band of impurity .levels siriaijig froa the interactions of the 

bound states of the isnpurlty a-ioeas.    If the impurity ccsicentration is great 

snougii to allow appreciable overlap of the bound state wave functions^  tli® 

interaction will caase tho boun.<i energy levels  to expand into a band.    This 

band will contain a nunfcer of states equal to twice the rnsnber of impurity 

ato2is, and isill  furoish a mecnanisa fo.e oonducticn at - a.  since ro activ- 

ation energy is required.    !mo experJUaental results arA this interprrb- 

atican are ij> agreesaeot vith tiioso of H'iag »nd CUtassman    ,    "Riors ari"»? 
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the question whethsr irteractioas ara sufXiciontljr large at low xaipurlty 

oor-cantration3 to account for the observed resxLfcs.    Calculations o£ the 

energy levels for randca iapurities in a regular lattr-cs by James and 

Ginsbarg      asi Aj^raio and JaacoiiAar    show that tho landing effect may 

be considerable for inpurity concentrations do-jfii to      -^ .l^r"   /cc.    Coar- 

cectration of ietpuritlBa as deieKiined frca ths Hall constant is actually 

the difference beiwssn donor and acceptor eoacsntrations»    Observations of 

impurity band effects for saoplea with quoted Süpurätg.' concentrations of 

^ISr' /cc cr less should tJian be censiderad as arising at least ia 

part froa cciapenss.ied impurities not shewn in "afee Hal]  constant.    TaLe 

is particularly true fo^ the polycrystallino saaplos rscorted hero acd 

those of Hung aed 'Jlieäaaan, all of «hieb were preparod before 1950^ and 

iaay «ixplain wiry iepurlty band effeota have not been observed in the purer 

sanples investigated elsowfaere^. 

The icpurity band  aodel aito serves to axplain the decrease in aeti1?" 

ation energy vrith incre-ising impurity concentration^"'„    The disappearance 

of the activation energy at a concentration of   ^ 105 x l£ß-f /cc is in 

agreement with calculations of impurity density neeesaary for oxmri^p of 

impurity and conduction bands« 

Host öf the sanplen sl»w a straight line in the hsliiua region oa 

plots of log resistivity VB l/t9 correjponding to a temperaturo depsndenss 

of the fozm    f   <* &.   e  ■;r^~      Kith    A £   ~   Mf** aV.    Tais is in a tecper' 

atuj^e range below that at 'dhicb tlie izpurity al.octi"ons are excited into th» 

«Htductioa fcand»    ihis taponential oucprossion iray be only an approxiisatioa^ 

a^ reflect a teaperature dependenco of mobility, rather than a ebango in 

csn'ier coneentiiation* 

The Hall eünst^nts show little change from 300^ to 150oK, «bMO thssc 

: 
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Tor the more Impurs saai.jlea begin to rise,  the rise starting at a lowar 

tenperature the purer tile sample c    Curves for the less pare samples pass 

through maxifla, decreasing to constant values at the lo»est temperavoroa« 

Curves for the more puro samples, rlüiisg rapidly below ICTK, shov evidenca 

of leveL-ing off, bat no evidence for a subasqumt decra,.3o, which,, if p.rss- 

eat.», will occur belou 1" So 

This behavior is ecrplained easily cc the tesia of an iopus^.ty band 

modele    At- high teajpera.-ures the Kail .lonstant, charEcter5.see the eisctrons 

in the cooduotion band, at the lowest bomperatures the electrons in tha 

donor impurity banttu    A& interaediate   yT^iperatures tb« Hall constant R in^ 

volves the Eobiliti.ss    ,Wt and    /ij    , ass well as the carrier eoaeentyatloa8t 

ne and >K i, i& the conduction and donor bands, respectivelxj 

J^k. 

Tliia oxpreasion ^lows a maxJusuiQ in the transition res**« i" accord with 

the experiaentai result». 

The oiobility curves for the purer ssaplea show tho T     z öepandcrscö 

eKpscted for lafctiiQ scattering, ejnd this eztenda to quit« low t«ap?.ratur<«5t 

'fhe less pure samplce show evidente of an appr^cdablB loniz-ed aaipuritgr 

soattsring, with a 1 /2 dependeoec, even at roca tempentisrOo    Kie decr^^s- 

irvg values at low tam.per'atures raj- be interpreted as a;i increasing; depends 

ence on impurity scattering, but- if täe imparity band model is valid a 
& 

facb5.1ity      /-/    =  ---      does net have a Dajnolo nsaair-g in the region wh&x-o 
/ r 

the Hall «^sprensica invclves more tha1! one cosri^uction pi\>«eso„ 

IVo  Toaperatur^ Wav^s at ha'   $gB5»r^aS^ *    * 

The diffastvity {.xzXto of tbercial condactivLty to opscifis heat per 

unit volume) of a aetal c& i ha deteratuiod by ncöÄuring t.Vjg ycloaity of 
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propagation ol" a 3.j~.usoidaIJy vaxylag tveaperature i«ave along a rod isade 

froa the metal. This tschoiquo has beon described briefly by Dr. £. 

10 
Msndoaa 9 who also initiated the presont program for its parfectioQ 

during his visit in this department {1952-1953/• Itto tomparatur© vari- 

ation is generated by a heater at the ond of tJ a rod, and the t^oparaturo 

wave is detested by two quickly responding resistance thsxECffliatera spaced 

along the rod (ess Fig. 25)«  Frequonoies from 50 to 1000 cycles par second 

are used. The rssiutancs of each thexBuxseter va.px&B  sis^usoidally^ and tho 

phase difference be^ween these two sine waves is measuriki« Sines the dif-^ 

fusivity cf metals at lew teEporatures is practically iiaiependent of tempsr-" 

aturo, it sho?iid be possible to jaeasura it with high accuracy by t-hie lasthod. 

MeacurejEent of the thersial corsductivity is done with thö same apparatus and 

therefore the specific beat can bs fouad. 

In Techniccnl Keport No. IC19*^0, Dr. P. K, Marcus has studied the pi-ob- 

Ifc^. of temperature wave propagafcioa with the help of & transciissii»?. Uns 

analogue anä. detereifited the effects of a change in cross asetiaii and vari*' 

ous tejsainatioas of the rode He fiiids that these •Ksuid. cause reflections 

of the tempsrature wave., iwcessitating large eorrecticnf». to the phase iseas" 

urecients at the lower fraqueneies whers the wave length is large. It was 

also shown that the waves are heavily dajapsdy the da-aping factor being ap^ 

proximately o002 over one wave -length r  Sis wave length is of the order of 

a few milliasters except for metals at low tsmparatures whers it is eeveral 

tiass the length of the rod, os5 of the order of fifty eentiaetors for a 

frequency of one hundred cycles per second. Thsrefors this technique is 

restricted to low teEperatures. It can bs adapted to tsupsratures below 

0 II. 
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Hie thsroKStatei's and heater each consist of a film ot colloidal 

graphite paintod oa ths ?od4 w<ixch has preTiously been coated tdLth aa. in- 

sulating Xilra of lafUjuer (Tuffejnaell B-165).    It has been found that the 

thezsial noise generated bj- these tiiezsozicters is not a problem at liquid 

heliim temperatures al"fes.T tü^r have besn adjected to prolonged outgaaslng« 

Better sigrurJLs are slso obtained if täa colloidal graphite is rubbed so as 

to pack it fisore tightJy, 

The signal obtained froa the thezcaueters is of ths order of one atiili- 

volt.    In one circid.t built by Or. J« E. SisnaeCTian, each signal Has ^splified 

by a factor of approxisately one Inrndred»    One output went to a helipot as- 

plituda control and the other to a pimse shd.fting bridge e    Kie two signals 

were than Jaixsd aad furtiaer asaplified,  the final output going to an oseill- 

oacops.    'fee phase emd a'aplitude controls were edj^isted for a null reading 

on the oscllloQCope.. and the phf.se difference of the two signals could thsn 

bo determined froa the setting of the phase shifting bridge.    In Zime?maar'8 

other elreult the sfoae p.iase shifting bridge was used to shift the phase of 

the signal froE the oscillator3 iJhich fe-as also IJie heater powes* soiree.  'IM-s 

sigrjal 'jfas thai doubled ijs frequency and fad into one input cf a phase dis- 

crliainator,  the othsr input of tÄiieh received tea signal frran on« of th© 

theissaaeteirSj, and the output of which was aieasurad by a vacuisa tube ^olt" 

sstero    S"ne phass dJJ3c^•ii'JlatOI• and vaeunm tube voltaistsr wore used as a 

null indicator as the calibrated phase shifter v:-a3 adjusted.  The differ» 

ence of the readings obtainsd froia the two then;!0!Eat€T'-8 represented the 

phase shift of the teapeirature vrave at theso t^iD locat-ienso 

These two circuits  -ave x^cijlts tjvat xjere f>ccurats to approaaiaately 

ten percent,    One aourca of error was the phase shiftins bridge which could 

be adjusted to the nearest degree only.    Since it was necessary •» QEasaro 
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phase düTereiicss aa  saail as fiva degress. It vas sought to develop & 

■ore sensitive bridge. Rovisver,  it was evantuaUjr decided that a null read- 

ing was not sensitive enough because of the broadness of the null« 

The  present circuit (see Figs. 36, 27, 23) is entirely different in 

principles Instead of measuring the phases, the time interml between the 

two signals is aieasurad dirsctlyo Tuo  signals are first amplified to ap- 

proximately twenty volts, then clipped and amplified several times to obtain 

square waves, and l'iüally differantiateü. This results in a series of pos^ 

itive and negative pulses froa each channel, the ties d«lay from the positive 

pulse from channel A to that from channel B being the quantity aeasurad. Use 

is oade of a calibrated triggered delay circuit called the phantastroa. It 

is triggered by the leading positive pulse and subsequsntiy generates a de- 

layed pulse. Th© delay pulse is adjusted to coincide uxtu  the pulse froai 

channel B0 Better than one percent accuracy is expected with tirtis arrange-' 

aientc 

In order to obtain syaaaetsy of tha square wave resulting from the clipped 

signals, the bias on the first clipper is adjusted until the nsgativ© pulse 

is equidistant in t&as froai the two adjacent positiv* pulses. 'Xhs pl'iantaatron 

is used in adjusting the tias intervals„ 

Provision is also made for interchanging channels A and B. By averaging 

the two time delays obtained, any error- due to different phase shift- in the 

two channels is canceled <, 

A brief description of the cirauit will noi* be given with the help of 

the block diagraffio 

föhen jcaking a oeasureaeaat« switches 1 and 2 are both in positions a or 

b, switch U is ist position a, and s'.ri, 'oh 3 i" en nonaaX« The positive pu3.se 

fxtai the leading oiiannel therefore trigger« the phantestron while the pulse 
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fräs the other cti£-nnel goee to the phasf splitter, the output of uhleh 

eaa be selected to givs the sajae polarity as the delay pulse from the 

phantastrono 

For calibration, »-witches 2 and $ are both ir positiona a or b, and 

switch 3 is on calibrate. Uns channel, therefore, is carapletely out of 

the circuitc With switch 4 at position a, the phantastron is triggered 

by the positive pulse froai the channel being calibrated, while the neg- 

ative pules trigcera the phantastron when position b is used. The call* 

bration procedure consists of adjusting the dcslay pulse until it coincides 

with the next pip fron ths  phase splitter, then changing svitehee k and 

6 to see if the saso doiay ir obtained from the oth<jr half of the square 

wave. If thers ia an e^ror, approadmately haj.f of it is corrected by 

changing the bias cf the first dipper stage, and then ths synmetxy of 

the square wave is oheoked again» This process quickly gives a square 

wave that is symsiotricai, with the limit of accuracy of the phantastrono 

V. Thenaal Conductivity of Solids20^21g22'26 

A series of invostigations of the thesjaal conductivity of various 

solids between 2~ and SO K is described in Tecimical Hsport No. 6 „ 

Klectrical conductivities were detverrained for these specizaens over the 

same interval to permit the oaleuiation of Wiodsaann^FranE ratios. Th© 

results may be suiomarized briefly ae folloxvss 

A. Commercial Alloys^21-"22*26 

Hoasurements oa mooel, inconel« and stainless sttal gave Wiedaaana= 

Franz ratios much iargar than the theoretical value^ tiie deviatiorss being 

greater for annealed than for cold vorked speoimens» These results are 

consistent with iuie id ia that lattice conductivity is relatively high in 

these alloys „ Qie them^il conductivity values obtained in this work have 

! 
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been very useful in the deeiga o£ czyogesxic equipment in this laboratory 

and elsewhere. 

B. 90 o/o cu - 10 o/o Ni tnjosr20*ZL'2Z$ 

Specimens of the s^ae coiaposition bat differiag as to degree of cold 

work and grain size were studied.    Qualitstivo intsrpretafeion of the differ^ 

ing conductivities have boe« given in teras of p3Lauslble argtsuents about ths 

iufluentie of cold work upon lattice cocufcßtione 

C. QerHaniim22»26 

Specieisns of ^-arj-ing icipurity ccatenfc showing different non-^dagsaerat« 

electrical properties in the teapsratuire ir»tc»rval 2° to Si(fK were atiKLied. 

lio appreciable electronic C'^iduetivitj was obsenrs'io    At very low t - aperatures 

the effect of impurity eencontration was found to 3& eonff,;?tsi7.t with the theoyy 

of iattjco coisiuctionr, 

Ths work outlined above was oocipletod in 1951»    la 1954 it was decided to 

rosuse thessaal conductlviti^ atudiee with metals of the hsxagonsl slo^a- w,cöed 

structure the particular objects of isveutigation .    At ti» close of the period 

covered by this report an improved apparatus for heliisa and tgrdrogen rsige 

aeaaursmento using caiijoa reelstanee tbavtaaB0t9ni was uiider constructicn«. 

The prograa is continuing and it is hopsd that with the use of single esystals 

it will be possible to esaslne the anisotrcpy of the thsr.Ea3. coiKiucti'*d-ty in 

tha pure asstals as veil as  fcäe inf3.uenee of alloviug additions upon thai 

anisotropy. 

WI. MjaceHaneoua Topics 

A. The Sleatricsl )i«sist&nee of a ~i3vs.aa 

Very little infosriatioji appeiirs to be avoidab''.o oa tha law tsnperature 

resistance of the iasprz-tant eoppsr-'finc clloja,    Requests for such data frcss 

another group in oisr dcparta:3sit iod to a eeriss cf detexsinations of the ?w- 

• 
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sistancs of «t HSrass between 1^ 6    and jod K. the results of which will be 

sumarlzed briaO^r.    Ih® apecjijciena (30 o/o Zn, 70 o/o C») wore in the 

Tora of drawn wirea of circulas' crä^s-section (OdCl an dia„j,    -^  2Z an 

Icnglwlth attached potential and current leads,    Moasui'aments were carried 

out by a potentiometric method in liquid haliisa, hydrogen, asgrgen,, and 

nitrogen baths ae wall as at rooa hemperature, 

Tho aresistivifcy o* the unannealed material was Toursd to be 7*35 X- 

10     Qaa. at 299 K arid ke^h x 10     Oca at 4=2 ü and below, a decrease, 

A p ,     of 2,.81 x 10     ßcmo    The same spociaians annealed for 3 hours 

at 592° axhibited res-Ustivitiea o.r 602S x 10     Qzm. arsd 3047 x 10   Qca0 

O O '-'fit at 299 K and /j.u2 K reopsctiveljr, a deci«asa . äO, of 2o31 x 10      acm as 

before.  Thus MatthiasEsn0s Hule is obeyed.    Tha rocsu temperature resist" 

■=6 
ivity is within the rarsge 6 to 9 ^ 10     ßca rsported by several early 

investigators 0 

The low temperature data on annealed oc »Brass are showri in Fig, 29o 

For purposes of rough interpolaticii for tcaperax,ures above i}0 i£ on® 

«ay use the Grunoiseia foisnila taking as the eharacteristle temperature the 

value 0 - 2150it<> 

B. Laboratory Aids 

Ic Level indicator for liquid He, H2, and Ngo 

An inexpensive portable level indicator for low boiling point liquids 

has been in use in this laboratory for several yesLVBo    Its essential de- 

tails are shown schematically In Fig» 30„    A ömall box holds tha iadie- 

ating milliaoicister (0-20 aa.)t battexdes and switches«,    The sensitive ol' 

ejaent, a. $6 Ü, 1/2 W carbon composition resistor of ths Allen-Bradloy 

type, is mounted at tho end 32" x 'j/l(>n dia, Inconel tuba from the other 
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end of which emerge the leads which my be ccnnacted to the rest or the 

circuit by a sstaU Jones plug» 

In operation« the long probe is inserted slowly into the mouth o£ 

the vessel containing the liquid, the rant© s-ssiteh having been set to the 

proper value, fower dissipated in the resistor raises its tesiperature 

Xäsll above that of the gas through which it passes. Contact with the 

liquid surface produces a marked increase in the resistance of the sens» 

ing element and an easily observed drop in current indicated on the meter. 

The probe is thm suitably xoarkad and withdrawn and the. liquid depth or volmsa 

datS3BdKs»d with the aid of a calibration chart» 

2. Bellows oanostat 

Pressures less then atmospheric may be msintainsd over liquid re^ 

frigerant baths (particularly heU-um and hydrogen) for extended periods 

by means of a sinple isanostat shown in Fig. 31c The ossential element 

is a large sylphon bellows of phosphor bronze which is extended when the 

reference pressure exceeds that of the bath;causing the pumping line to 

cloee. Opening the needle valve separating the reference chamber fron 

the puepiag line permits the reduction of the reference pressure by artsit" 

rary amounts. 

In operation with a liquid helium bath the manostat provides press» 

ure regulation to about 0*1 mm. Hg. over most of the useful range. A 

bypass around the xoanostat ie usually included in the circuit to pezmit 

pressures below about 2 en Hg to be reached. 
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